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A~tract- -The photothermal effect is utilized for the detection of molecular trace gases in the open air, 
with high spatial and temporal resolution. An IR CO 2 laser is used to excite specific molecules to higher 
vibrational evels. The subsequent change in temperature and refractive index is monitored by the 
deflection of a HeNe laser beam which crosses the CO 2 laser beam. To improve the detection limit of the 
system the CO, laser has an intracavity focus near to which the HeNe laser passes 31 times in a multipass 
mirror setup. A detection sensitivity of I ppbv (C2H4) and 0.5 ppbv (NH3) is achieved under practical 
conditions. 
I. INTRODUCTION 
To monitor molecular trace gases in the atmosphere the MIR wavelength region is very attractive. 
Many molecules of interest possess fundamental vibrational transitions in this region with large 
absorption strengths and which are not affected by predissociation r lifetime broadening as occurs 
often in the visible and UV spectral regions. Small molecules like NH3, C2H4, H20, 03, CH4,  
C2H6, etc. show clear fingerprint spectra which can be observed with e.g. CO2 and CO lasers." 5~ 
In practice these lasers have proven their reliability and have been implemented in trace gas 
detectors. 
In this paper we present he photothermal deflection method as a fast and sensitive method to 
monitor trace gases in situ in the atmosphere. The photothermal deflection method is related to 
the photoacoustic effect. Molecular transitions are induced by laser radiation. At atmospheric 
pressure the excited molecules are de-excited by collisional relaxation. The photoacoustic effect 
utilizes the pressure wave coming from the heated region. Photoacoustics is very sensitive allowing 
detection of trace gases at and below one part per billion (ppbv, 1:10 9) level/61 A serious drawback 
of photoacoustics an be the requirement of a closed flow system; due to sticking of molecules to 
the wall material memory effects can occur, which impede fast time responses. This problem is of 
particular importance for molecules with permanent dipole moments, like NH 3. Use of the 
photothermal deflection technique is preferred for this type of molecule and also for reacting 
molecules (e.g. 03) for which sampling with a photoacoustic cell can show a systematic error in 
the measurement. The photothermal deflection (PTD) method is fast, local and permits urface-free 
measurements. 
Attempts toward detection of ammonia employing CO2 laser based photoacoustid 78~ and (less 
sensitive) direct absorption detection systems ~9~ lately received attention. Ammonia possesses high 
absorption coefficients and a clear fingerprint spectrum in the '2CO2 and 13CO 2 laser wavelength 
regions/'''°1 We have applied PTD to NH3. Ammonia and in liquid its counterpart, the ammonium 
ion, have a strong influence on the ecosystem. "t~ Originating from emission sources (e.g. livestock 
wastes) NH 3 contributes to soil acidification and disturbs the nutrient cycle. The dry deposition 
of ammonia in the Netherlands i responsible for 33% of soil acidification. "2~ 
483 
484 H.S.M. DE VRIES et al. 
The photothermal deflection technique not only allows contact-free measurements, but can also 
be used to determine trace gas concentrations locally. We applied this method to the biologically 
interesting problem of fruit ripening, particularly of tomatoes. In tomatoes a main gas exchange 
channel runs through the stem scar, where the berry was attached to the plant. Besides uptake of 
02 and release of CO2, C2Ha is mainly emitted through this part. The production of this gaseous 
plant hormone increases during ripening of the tomato and its total production amounts up to 
10 nl/g. h. 
lI. PHOTOTHERMAL DETECT ION OF GASES 
The PTD method is based upon a change of refractive index caused by laser absorption of gas 
molecules. "31 Due to non-radiative collisionai decay the molecules redistribute their energy over the 
translational energy of neighboring molecules. A local increase in temperature, in the order of a 
few millidegrees, results. The refractive index of the air thus changes and a HeNe laser, which acts 
as a probe beam crossing above the heated region, is deflected. 
Here, an IR CO2 laser is used to vibrationally excite the gas molecules. The CO2 waveguide laser 
is line tunable over 90 transitions between 9 and 11 #m and has 100 W intracavity power at the 
strongest CO2 lines. The waveguide laser has an extended cavity (Fig. 1) with an intracavity waist 
of 280/tm, produced between an intracavity lens 0" = 75 mm) and the curved output mirror (radius 
of curvature 270mm, reflection of 98.50/0). (14) In this way a high local intensity is achieved 
producing a well-defined heated region where the probe laser passes over the pump beam. To 
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Fig. 1. Photothermal deflection setup. The HeNe laser beam passes over the intracavity CO, laser waist 
at the maximum refractive index gradient (31 times) (a three pass arrangement is drawn here). Depending 
on the absorption strength of the trace gas molecules, each pass the HeNe laser beam is deflected over 
an angle ~, resulting ina total deflection [l)tot, d, is the distance between the mirrors, ~ the distance from 
the second mirror to the position sensitive detector. 
ot. 
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improve the deflection signal the HeNe laser passes over the waist of the CO2 laser several times, 
by means of a multipass mirror system. Theoretically the total displacement (I)to t -~-  N 2d~ :t + Nd2 ct; 
with 2d~ the distance between the two mirrors, dE the distance from the second mirror to the 
detector, N the number of passes above the heated region and ~ the deflection angle per pass. 
Experimentally we are able to pass the CO2 laser waist 31 times which results in an improvement 
of the signal by a factor of 300. Due to this multipass etup the probed dimension along the CO., 
laser beam is 25 mm. 115) The deflection angle is proportional to the concentration of the absorbing 
gas. The CO2 laser is modulated at a frequency of 60 Hz by a mechanical chopper. The deflection 
of the probe laser is measured with a position sensitive quadrant detector, the output of which is 
fed into a lock-in amplifier. 
The probe beam, its multipass ystem and the position sensitive detector are mounted on a rigid 
frame. This frame and the intracavity CO2 laser frame are rigidly coupled to suppress mechanical 
vibrations between the two laser beams. Air turbulence is diminished by shielding the laser beams, 
except for the detection region, and by utilizing a double probe laser beam. The HeNe laser beam 
is split into two equally intense, parallel beams passing the CO, laser beam. One passes the pump 
laser near the intracavity focus at the optimum distance, where the refractive index gradient is 
maximum; the other passes the pump beam at a larger distance (7 mm) and is therefore not 
deflected. By subtracting both signals the influence of air turbulence is corrected for. ~6t All NH3 
measurements presented in this paper are performed with the double probe beam arrangement, 
while the C2H4 measurements are performed in a single probe beam setup. 
Due to interfering absorption by other gases, e.g. CO, and H20, switching between two laser 
lines is often necessary. The photothermal deflection measurements are performed in the laboratory 
at a constant emperature of 21°C and an ambient relative humidity. CO2 and H20 have ambient 
concentrations of 330 ppm and 0.5-1.5% respectively. The CO 2 absorption lines coincide exactly 
with the CO2 laser lines, resulting in a background signal equivalent o 25 ppbv NH 3 at the 
10R8 CO2 laserline. ~'~7~ H20 has a broadband imer absorption in this wavelength region with a 
background value of about 2.5 ppbv NH3 at the 10R8 CO2 laser line. I~s~ Because of the barely 
structured absorption spectra variation in the concentrations of these gases results in an almost 
equal change of signal on both neighboring lines and the influence of CO, and H20 is subtracted 
from the NHrsignal. During the experiment even small influences on neighboring lines are taken 
into account. 
Including piezo optimization of laser power one measuring cycle is completed in 15 s. For fast 
measurements within this time scale the H20 and CO2 concentration does not change drastically 
and measurements are performed at one laser line with the advantage that the response time 
amounts to only 0.1 s. 
III. DETECTION OF AMMONIA 
The characteristics of PTD are compared to the results from a continuous flow denuder system 
under normal atmospheric conditions in open air. The denuder is a reliable, selective and sensitive 
(8 parts per trillion, 8:10 t2) wet-chemical detection system. "9~ It is, however, rather slow with a 
response time of 60 s. For eddy correlation experiments, a combination of wind speed, wind 
direction and concentration measurements, this response time is much too long, 0.5 s being 
required. I2°~ 
In our laboratory ambient ammonia levels have been determined with PTD and the commercial 
wet-chemical denuder system around the clock during periods of l wk. During daytime the 
concentration was found to fluctuate slowly between 10 and 20 ppbv; during the night the average 
concentration decreases by 3 ppbv. Our detection limit amounts to 0.5 ppbv. In addition am- 
monium sources were prepared from 0.25 to 2.5% ammonia solutions in demineralized water to 
obtain ammonia concentrations of 10, 30, 60 and 120ppbv in the sampling zone. The absolute 
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Fig. 2, Fast changes inNH 3 concentration, byinjecting ammonia-enriched air into the detection area six 
times. Injection No. 4 shows a delayed peak due to off-axis injection of the ammonia containing air. The 
denuder produces an integrated curve (- - - )  due to its slow time response, while PTD monitors fast 
fluctuations on the ammonia bsorbing CO2 laser line (10R8) and almost no change on the 10R10 
reference line. 
values for ammonia concentrations obtained from the denuder and PTD are in agreement within 
15%. For the denuder system the calibration is based upon liquid reference samples. For PTD the 
calibration is based upon comparative measurements with a certified C2H4 mixture in N2. The 
absorption strength of NH 3 on the 10R8 (967.707 cm -~ ) and 10RI0 (969.140 cm -j ) CO2 laser lines 
is taken into account (20.5 and 0.542 cm -~, respectively). (u 
Injections of air containing ammonia in the probe region were used to demonstrate the fast 
response time of PTD. The results are shown in Fig. 2; the arrows indicate the injection time of 
ammonia into the detection region. Due to its slow time response the denuder ecords an integrated 
curve ( - - - ) ,  whereas the PTD setup (single line operation on the 10R8 CO2 laser line) reveals the 
ammonia passing in pulses through the detection zone. The signal is not disturbed by air turbulence 
as evidenced by the steady signal on the reference laser line. The photothermal deflection method 
yields ammonia concentrations in absolute and relative sense with a time response of 15 s (double 
line operated) or 0.1 s (single line operated). 
IV. LOCAL DETECT ION OF ETHYLENE 
To demonstrate its spatial resolution PTD is applied to the local detection of ethylene mission 
by an intact cherry tomato. Ethylene is detected at two neighbouring laser lines, the 10PI4 and 
10P12 CO2 laser lines (949.479 and 951.192 cm -~, respectively). Compared to NH 3 the collisional 
relaxation of the excited ro-vibrational level within the C2 H4 molecule is slow, with an observable 
saturation at the high intracavity laser intensity in the probe region. 
Due to this saturation the absorption coefficient of C2 H4 at the 10PI 4 line is effectively decreased 
to 13.4 atm-~ cm-z while the absorption coefficient at the 10PI 2 CO2 laser line is almost unaffected 
(4.3 atm-~ cm-~).(~4) To calibrate the system a reference cell was inserted at the crossing of pump 
and probe beams. The detection limit of the photothermal detection system is 1 ppbv for ethylene 
in open air, which amounts to an equivalent sensitivity of 1.3 x 10-Scm -~. At this moment he 
sensitivity of the system is limited by interfering H20 and CO2 absorption. 
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Fig. 3. A small cherry tomato is placed just below the crossing of the two laser beams. The results are 
shown for the C2H 4 concentration in ambient air (A), above the stem scar of the tomato (B), at the bottom 
of the tomato (C) and next to a wound caused by peeling off part of the skin (D), 
The gaseous plant hormone ethylene plays an important role in developmental processes in 
plants. ~2~) We applied our new technique to the specific case of  tomato ripening, the role of ethylene 
in fruit ripening being well studied. ~22,23~ During ripening tomatoes shows a strong increase in 
ethylene production coinciding with the climacteric rise in respiration (CO2 production). Earlier 
in literature it was suggested that the main gas exchange channel (for e.g. 02, CO,. and C2H4) could 
be the stem scar of the tomato. However, in situ measurements of  ethylene mission for undisturbed 
intact cherry tomatoes were lacking up to now. 
To measure its ethylene emission, a small cherry tomato (Lycopersicon esculentum Cherry, 
dia 30 mm, fresh weight 14 g) is placed just below the crossing of the two laser beams. The distance 
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Fig. 4. The increase of ethylene production of a ripe cherry tomato being taken from the refrigerator (5C), 
measured above the stem-scar. The temperature ( -) measured atthe center of the tomato shows a warm 
up time of ca 2 h. The ethylene production, however, only slightly increases during that time, whereas an 
accelerating production occurs only after 5 h. 
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between the top of the tomato and the pump beam is approx. 1.5 mm; a smaller distance heats 
up the surface of the tomato resulting in burning of the tomato skin. In Fig. 3 the results are shown 
for the C2H4 concentration i  ambient air (A), above the stem scar (B), at the bottom of the tomato 
(C) and next to a wound caused by peeling off part of the skin (D). As can be seen from this figure 
the main exit channel for ethylene runs through the stem scar; the amount  of ethylene mitted at 
the bottom site of the tomato yields a concentration just above the ambient level. Even if part of 
the skin is peeled off the local emission remains negligible. This suggests that the skin itself is not 
the main barrier for C2 H4 diffusion. It can be assumed that ethylene produced in the central pulp 
of the tomato diffuses via the microchannels up to the stem scar rather than via the surrounding 
locular gel, with its high water content. The diffusivity of C2H4 through water is four orders of 
magnitude lower as compared to air. 
Figure 4 shows the increase of the ethylene production of a ripe cherry tomato being taken from 
the refrigerator (5°C), together with the increase in temperature at the center of the tomato. Within 
2 h the tomato is warmed up to room temperature. The ethylene production measured above the 
stem-scar slightly increases during that time, whereas an accelerating production occurs only after 
5 h. This experiment demonstrates the long-term stability of the detection; the increase in "noise" 
level at higher concentrations (8-14 h) can be attributed to irregular gas emission from the stem 
scar. 
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